Magnetic reconnection is a phenomenon of nature in which magnetic field lines change their topology and convert magnetic energy to plasma particles by acceleration and heating. The process can stretch out over time or occur quite suddenly. It is one of the most fundamental processes at work in laboratory and astrophysical plasmas. Magnetic reconnection occurs everywhere: In solar flares; coronal mass ejections; the earth's magnetosphere; in the star forming galaxies; and in plasma fusion devices. This paper reviews the most recent progress in the research of magnetic reconnection. §1. Introduction
§1. Introduction
Magnetic reconnection is an elementary physical process in plasma in which magnetic field lines change their topology and convert magnetic energy to plasma particle energy by accelerating and heating them. 1), 2) The process often occurs quite suddenly after a long and slow evolution of plasma equilibrium. It is one of the most fundamental processes at work in laboratory and astrophysical plasmas. Magnetic reconnection occurs everywhere: In solar flares; coronal mass ejections; the earth's magnetosphere; in the star forming galaxies; and in plasma fusion devices. Solar flares present the best known example of magnetic reconnection. As shown by a soft-X ray satellite picture shown in Fig. 1 , rapidly evolving solar flares produce vivid examples of the global magnetic topology changes that occur during magnetic reconnection. After reviewing the recent progress in the research of magnetic reconnection, this paper focuses on two fluid effects on the dynamics of reconnection considering application of our concepts to space astrophysical phenomena. A sudden topology change of solar flare structure leads to a coronal mass ejection (CME). The recent observations from solar satellite have confirmed that magnetic reconnection is the key process operating in powerful solar eruptions -flares and coronal mass ejection -that typically result in the efficient acceleration of particles to high energies. Magnetic reconnection plays a central role in the interaction between the magnetic field of the solar wind and the earth's dipole field as shown in Fig. 2 . During the interaction of solar winds with the earth's dipole field, the magnetosphere creates a substorm, one type of magnetic self-organization phenomena. Many satellites have been launched to investigate the features of magnetic reconnection layers.
Despite a long history of magnetic reconnection research since 1950's, the most important progress has been only recently achieved and documented. 1), 2) Much of this progress was accomplished by a combined diagnostics of remote-sensing and in-situ satellite observations, theory and computation, and dedicated laboratory experiments. A new series of laboratory experiments with well-controlled and welldiagnosed plasmas have been carried out to study the physics of magnetic reconnection as well as magnetic self-organization of plasmas. The key mechanisms of two-fluid effects in the reconnection layer were verified both in space and lab plasmas, which include experimental identification of the Hall magnetic field profile, the electron diffusion layer profile and high frequency magnetic fluctuations. 2) Since 1960's, the debate over the Sweet-Parker 3), 4) and Petschek 5) models based on MHD continued over the four decades before the results from numerical simulation and laboratory experiments verified that two-fluid models are necessary to explain the fast reconnection observed in astrophysical plasmas. Particularly the physics of the reconnection layer has moved forward through a new understanding of the local physics of magnetic reconnection in collisionless plasmas. By differentiating the motions of electrons and ions in the reconnection region, the two-fluid dynamics have been verified through experimental identification of both the ion and electron diffusion layers. The reconnection rate increases significantly when the ratio of the electron mean free path to the scale length of reconnection region approaches unity. This is important evidence that reconnection dynamics based on collisions differs substantially from those in collisionless plasmas such as seen in the magnetosphere and most astrophysical plasmas. A new scaling of reconnection resistivity with respect to this ratio has been obtained from the laboratory results. Comparison of these laboratory results with the recent space satellite observations have been made. 2) For over a half century, one of the most important questions on magnetic reconnection has been why reconnection occurs so fast in conductive plasma in comparison with the rate predicted by classical MHD theory. During the past dozen years, important progress has been made in understanding the physics of this fast reconnection. It is now recognized that two-fluid effects, 2), 6)-8) resulting from the different behavior of ions and electrons in the reconnection layer, are important within the critical layer where reconnection occurs. In benchmark studies of the two-fluid physics of the local reconnection layer, Hall effects have been verified to facilitate the fast reconnection observed in the collisionless neutral sheets in the magnetosphere and in laboratory plasmas.
In this paper, we review the progress of understanding the physical mechanisms of a proto-typical magnetic reconnection layer by describing the historical development of theory and the recent findings and discoveries both in space and laboratory plasmas. Also we address the relationships between the local physics of the reconnection layer and the external boundary conditions. One of our key questions is how large-scale systems generate local reconnection structures in realistic 3-D geometries, through formation of a single or multiple current sheets or magnetic islands. §2. Historical development of the physics of reconnection layer
Resistive MHD theories
The ideal MHD (Magnetohydrodynamics) was developed in the early 1950's, to describe the dynamics of conductive plasmas (η = 0), where magnetic field lines always move with plasma and remain intact with (E = 0). If we consider magnetic field lines approaching each other in plasma, magnetic field gradients become locally strong at the encountering point. Plasma flows can lead to singular current density sheets where E becomes sufficiently large (finite) to induce non-MHD plasma behavior so that a magnetic field line can lose its original identity due to diffusion. Dungey showed 9) that such a current sheet can indeed be formed by the collapse of magnetic field near an X-type neutral point, and he suggested that lines of force can be broken and rejoined. Sweet and Parker addressed magnetic reconnection problems in a situation where solar coronae are merging and transformed the reconnection region into a two-dimensional reconnection boundary layer in which oppositely directed field lines merge as shown in Fig. 3 . 4) In their model, magnetic fields of opposite polarity approach in the rectangular shaped reconnection region where the incoming field lines merge, and newly reconnected field lines emerge and move away. During this process, a dissipation of magnetic field occurs due to resistivity. This 2-D MHD model introduced an important concept that magnetic reconnection rate can be calculated quantitatively through a magnetic flux transfer between two geometrically separated plasma regions, assuming an uniformity in the third dimension.
For analysis of the local reconnection layer using resistive MHD formulation, the motion of magnetic field lines in a plasma can be described by combining Ohm's law and Maxwell's equations,
Here, conventional notations are used for local electric field and magnetic field vectors, E, B, current density, j, and plasma flow velocity, v. The resistivity, η, is assumed to be spatially constant. When η = 0, magnetic field lines move with the fluid without any dissipation as described by Eq. (2·3). In resistive MHD plasmas, hydro-magnetic flows can lead to the formation of a neutral sheet where the plasma flow is reduced to a finite size and the electric field (E) is balanced with ηj in Eq. (2·1). In the rectangular diffusion region shown in Fig. 3 , the resistivity term becomes sufficiently large that a magnetic field line can diffuse and lose its original identity and reconnect to another field line. In a steady state Eq. (2·3) can be simplified to
Using the continuity equation for plasma flows in the reconnection layer, V in L = V out δ, and pressure balance between the upstream (B 2 /2μ 0 ) and the downstream ( ρV 2 /2) regions, namely, V out = V A , a very simple formula is derived for reconnection speed V in ;
where V A is Alfven velocity and S = μV A L η is the (non-dimensional) Lundquist number, the ratio of the Ohmic diffusion time to the crossing time of the Alfven waves. In this resistive MHD formulation, magnetic fields diffuse and dissipate in the rectangular reconnection region of Fig. 3 , where incoming plasma flux is balanced with the outgoing flux, satisfying continuity equations for plasma fluid and magnetic flux. The reconnection rate depends on the Lundquist number S, which is usually extremely large: S can be 10 4 -10 8 in laboratory fusion plasmas, 10 10 -10 14 in solar flares, and 10 15 -10 20 in the inter-stellar medium of the Galaxy. This Sweet-Parker reconnection rate becomes very small to describe reconnection phenomena. This slowness comes from the assumption that plasma and magnetic flux have to go through the unre- 
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alistically narrow rectangular neutral sheet with thickness of δ = L/ √ S as shown in Fig. 3 . Shortly after the Sweet-Parker theory was developed, another model was proposed by Petschek 5) to resolve the dilemma of the slow reconnection rate through a narrow reconnection channel, introducing shocks which open up the neutral sheet to a wedge shape: Fig. 4 . By eliminating the flow limiting outgoing current channel as shown in Fig. 4 , this model leads to a much faster rate of reconnection.
While the Petschek reconnection rate has been consistent with the observed fast reconnection rates in space and has become very frequently cited, it has not been rigorously established because it is neither compatible with the resistive MHD characteristics nor two-fluid physics mechanisms. 2), 10) In the past decades, a further analysis of this model has been made employing a locally enhanced resistivity, η ef f (r) , which is consistent with a notion that a high electron current should induce an anomalous resistivity due to the waves generated by high electron current density at the reconnection region. 11), 12) In this case, Eq. (2·3) has to be modified 2) as
The locally enhanced resistivity expressed in the second and third terms of the right side increases moving velocity of flux lines near the X-point (v ∼ η ef f /μ 0 δ), generating a wedge shape reconnection region with slow shock like structure formed near the central high resistivity region as shown in Fig. 4 . This configuration is free from the constraint of the thin and long reconnection layer of Sweet-Parker model and allows for a fast reconnection rate. However, it is important to note that the shock structure is NOT necessary to make a fast reconnection. In the numerical simulations, 11), 12) the shock-like structures do not extend all the way to the system size, thus not consistent with the original wedge-shaped structure of Petschek. We also note that there has been no conclusive experimental evidence of shocks observed to date in association with magnetic reconnection layer in laboratory plasmas.
Experimental study of reconnection layer in collisional plasmas
In a controlled driven experiment in Magnetic Reconnection Experiment (MRX), 14) , 15) the basic physics of magnetic reconnection was quantitatively studied by measuring the evolution of the measured flux contours of the reconnecting field. Experiments have been carried out in the double annular plasma setup in which two toroidal plasmas with annular cross section are formed independently around two ux cores as shown in Fig. 5 . Each flux core contains poloidal and toroidal field coils to generate plasma discharges in both the private and common flux regions around the cores and to make a variety of magnetic field line merging situations. After an initial set-up, poloidal field currents in the two flux cores are decreased to generate reconnection layer where common flux lines are pulled back toward the X-point. Typical plasma parameters are n e ∼ 0.1 − 1 × 10 14 cm −3 , T e = 5 -15 eV, B = 0.2-1 kG, S ≈ 500-1000.
In the collisional regime of the MRX operation with λ mf p < c/ω pi , the rectangular profiles of the reconnection region were verified to be very close to the shape Parker predicted as seen in Fig. 3 . The reconnection rate was measured by monitoring time evolution of the poloidal flux contours shown in Fig. 5 as a function of plasma parameters and compared with the Sweet-Parker model. When the collision frequency is high, the classical Sweet-Parker reconnection rate was measured. 16), 17) It should be noted that this rectangular shape is consistent with the uniform influx of radial inflow with respect to Z in Fig. 5 . 13) A significant enhancement of reconnection rate was observed when the collisionality is reduced to satisfy λ mf p > c/ω pi by Yamada et al. 18) To explain the observed fast reconnection in a variety of plasmas, an anomalous resisitivity theory has often been used by employing an ad-hoc enhanced value of the resistivity, η ef f , in Eq. (2·1). It should be noted that this formulation is sometimes useful in describing the fast reconnection rate by MHD, although there was no theoretical basis developed at that time for imposing uniformly enhanced resistivity from turbulence or other mechanisms. A generalized Sweet-Parker model was developed by employing the measured effective resistivity η ef f to quantitatively explain the reconnection rates observed in MRX. 19), 20)
Collisionless reconnection: Decoupling of motion between electrons and ions
The above MHD formulation of the local reconnection layer is based on the assumption that electrons and ions move together as single fluid even in the presence of internal currents. This framework should be re-evaluated by a realization that this MHD condition does not hold in a thin reconnection layer such as those created in the magnetosphere, in which ions become demagnetized and the relative drift velocity between electrons and ions can be very large. Reconnection layers at the magnetopause 21) have thicknesses that are comparable to the ion skin depth (c/ω pi ). In this region, the ion skin depth is comparable to the ion gyro-radius (β ≈ 1) and only electrons are magnetized, leading to a strong Hall effect. This effect is considered responsible for speeding up the rate of reconnection. Since the two-fluid effects are due to the different behaviors of large orbit ions and strongly magnetized elec- trons with small orbits, electromagnetic or electrostatic turbulence at high frequency (ω > ω ci ), 22), 23) can be excited, can increase the resistivity and thus the magnetic reconnection rate. It has been recently recognized by many that when the SweetParker layer is thinner than the ion skin depth, two-fluid formulation is necessary to describe the physics of magnetic reconnection. The ratio of the ion skin depth to the Sweet-Parker layer thickness is expressed by c ω pi
where λ mf p is the mean free path, L is the global length of the current layer, 8), 18) and we have used T e ∼ T i , η ⊥ = 2η , and V A ∼ v thi (β ∼ 1). For hydrogen plasmas, this ratio becomes 4.5 (λ mf p /L) 1/2 , the Hall effect becomes dominant when the mean free path is larger than 1/20 of the global length. As the mean free path length is increased, the neutral sheet profile changes from a rectangular shape to an X shape with impulsive reconnection features. 8) This observation is consistent with the numerical simulation results of Ma and Bhattacharjee (1996) . 24)
Changes of the reconnection rate and neutral sheet profiles with respect to collisionality observed in MRX
In the study of the local two-fluid physics of the reconnection layer, an out-ofplane quadrupolar Hall field which was predicted by the recent two-fluid simulations has been verified in MRX. 2), 18), 25) The measured profile of the neutral sheet changes drastically from high (collisional) to low density (nearly collsionless) cases. In the high plasma density case, shown in Fig. 6(a) , where the mean free path is much shorter than the sheet thickness, a rectangular shape neutral sheet profile of the Sweet-Parker model is seen together with the observed classical reconnection rate. There is no recognizable out-of-plane Hall field in this case. In the case of low plasma density, shown in Fig. 6(b) , where the electron mean free path is larger than the sheet thickness, the Hall effects become dominant as indicated by the out-of-plane field depicted by the color code. 8) A double-wedge shape sheet profile of Petschek type, which is shown in the flux contours of reconnecting field in Fig. 6(b) , is significantly different from that of the Sweet-Parker model (Fig. 6(a) ), and a fast reconnection rate is measured. However, a slow shock, a signature of Petschek model, has not been identified even in this collisionless regime to date. This important observation supports the theoretical idea that the Hall effects originating from two-fluid dynamics contribute to the enhanced reconnection rate observed in collisionless reconnection.
It is important to know quantitatively under what conditions the two-fluid dynamics become important. The recent MRX data identified a criterion for the tran- The apparent agreement of the MRX scaling with two-fluid Hall MHD code indicates that the measured enhanced resistivity is primarily due to the laminar Hall effect, when the Spitzer resistivity is not large enough to balance the large reconnecting electric field in fast magnetic reconnection. We note here that this scaling observation should not exclude the effects of fluctuations particularly electromagnetic ones. Electrostatic and electromagnetic fluctuations have been observed in the neutral sheets of both laboratory and space plasmas, with notable similarities in their characteristics and theoretical interpretation. In MRX, a correlation was found between the reconnection rate and the amplitude of EM waves, 39) although the experimental operation range (a factor of 10) is rather narrow as shown in Fig. 7.§3. 
Identification of the electron diffusion layer
Utilizing high resolution magnetic probes, more fine-scale profiles of electron flow were measured. In the neutral sheet of MRX, an electron diffusion region was identified in the reconnection layer for the first time in a laboratory plasma. 27) The 
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rate of reconnection can be controlled in part by dynamics in this small region, in which magnetic field lines tear and reconnect and energy dissipation occurs. The recent 2D numerical simulations by Daughton, Scudder & Karimabadi 8) and by Shay, Drake & Swisdak 6) predict a two-scale diffusion layer in which an electron diffusion layer resides inside of the larger ion diffusion layer. In MRX, the presence of an electron diffusion region was verified and it was found that de-magnetized electrons are accelerated in the outflow direction (Fig. 8) . The width of the electron diffusion region was measured to scale with the electron skin depth (∼ 8δ e ) and the electron out-flow scales with the electron Alfven velocity (0.11V A ). The general features of both the electron and ion flow structures agree with simulations. But the thickness of the electron diffusion layer is much larger (5 times) than the values obtained by 2D simulations. 30) Careful checks of collisional effects have been made to determine how much of the enhanced diffusion layer thickness in MRX should be attributed to 3D effects 38) and how much to collisions.
Although the electron outflow seems to slow down by dissipation in the electron diffusion region, the total electron out flow flux remains independent of the width of the electron diffusion region. We note that even with the presence of the thin electron diffusion region, the reconnection rate is still primarily determined by the Hall electric field, as was concluded by the multi-code GEM project. 9) The ion outflow channel is shown to be much broader than the electron channel, which is also consistent with numerical simulations. Also this electron outflow often occurs impulsively as the collisionality of the plasma is reduced.
Mozer et al., 43) and Phan et al., 44) also identified the regimes in the magnetosphere where v e × B is not equal to the local electric field. While they were defined as electron diffusion regimes, the exact location of the observed electron diffusion regime with respect to ion diffusion regime were hard to determine because of the nature of satellite measurement. The ion outflow channel is shown to be much broader than the electron channel and the ion outflow velocity reaches its maximum value of V A at the exit region, also consistent with the numerical simulations. This electron outflow often occurs impulsively, generating high amplitude magnetic fluctuations at the center of electron diffusion region. The concentration of magnetic fluctuations at the center of current sheet suggest that these fluctuations are excited by the super-Alfvenic electron flow. We note that even with the presence of the skinny electron diffusion region, the reconnection rate is still primarily determined by the Hall electric field as predicted by the GEM project. 7) A more comprehensive study is required to determine how the profile of the electron diffusion layer affects overall reconnection dynamics including energy dissipation. Just recently a new experimental campaign has started on MRX to investigate the electron diffusion region inside of the reconnection layer, in collaboration with the MMS (Multi-scale Magnetosphere Satellite) Mission by NASA. §4.
Outstanding problems regarding reconnection layer dynamics
Even with the recent notable advances in two-fluid analysis of the reconnection layer, many important questions remain unsolved. In particular: What really determines the rate of energy conversion from magnetic to kinetic? The Hall term does not provide energy dissipation or break field lines. It was considered that the other terms in the generalized Ohm's law, the inertia term, the pressure tensor term (∇P ), and fluctuations must be responsible for line breaking and the energy conversion. The PIC simulation studies 36) found that energy dissipation occurs in a small central region of the neutral sheet without guide field, leading to a relatively small rate of energy conversion from magnetic to particle kinetic energy. This energy conversion rate is too small to explain the observed particle heating during reconnection observed in RFP plasma relaxation events, 34) in spheromak merging experiments, 32), 33) or in solar flare evolution. 45), 46) It is necessary to develop models which would explain the fast conversion rate of magnetic energy possibly with a large number of reconnection layers. The idea of ion trapping heating in the potential well at the X-region needs further investigation.
As described above, the electron diffusion region has been identified in the laboratory and magnetospheric plasmas. The thickness of the observed diffusion region is notably larger than the value (∼ c/ω pe ) predicted by recent 2-D numerical calculations. The reason for this discrepancy is being studied including the effect of 3-D fluctuations in the vicinity of the electron diffusion layer. At the moment, there is no comprehensive theory that deals with macro-and micro-fluctuations, concerning how they are excited, and how they determine the reconnection rate by influencing the energy conversion processes. Do these fluctuations create anomalous resistivity? To understand these key issues, we need to investigate the relationship between the local reconnection layer dynamics and global magnetic reconnection phenomena.
A mechanism of impulsive reconnection has been recently considered. 47 ) If a fast influx of magnetic field line is imposed into a slow reconnection layer, a sharp negative potential build-up should occur due to the pile up of electrons. The electron current channel can become unstable due to a sharp radial gradient of current density and the current channel would disrupt. This makes flux transfer rate fluctuate and generate impulsive reconnection. This was reported by Ren et al., 27) and this situation is being studied in more detail on MRX. Analytic theory together with numerical calculations will aid progress in understanding how fluctuations are excited and how they dissipate energy in the reconnection layer.
Multiple reconnection layers in a large system
Laboratory fusion plasmas and astrophysical system are generally much larger than the key microphysical scales such as the ion skin depth and ion gyro-radius. Most of the work on reconnection in the past, both numerical and experimental, have investigated relatively small systems -10-100 ion skin depths. In much larger system, however, it is found that multiple current sheets or reconnection layers develop in the reconnection region that can affect the reconnection rate in both collisional and collisionless regimes. For example, in simple 2-D resistive MHD simulations for a large plasma with significant Lundquist number (S > 10 4 ), a laminar Sweet-Parker layer is transformed to a chain of secondary magnetic islands and the reconnection process becomes inherently non-steady. The studies by Shibata and Tanuma, 48) Loreiro et al., 49) Bhattacharjee et al., 50) represent such examples. The appearance of multiple layers would become dominant particularly in 3-D system. This process can invoke turbulence in the layer, and new approaches are required to properly describe this turbulent layer. This type of multilayer reconnection can occur in solar flares as well as in fusion plasmas. Recently it is found that MHD turbulence can enhance reconnection rate significantly. 41) Daughton et al. (2009) has recently found that a collisionless reconnection layer beaks up into many islands and current layers generating a highly turbulent reconnection region even their 2D simulation. This study has been extended to 3D to find out the feature of break-up in the experimental set up of MRX. This result suggests that turbulence can significantly broaden the electron diffusion regime as well as the ion diffusion region.
Effects of boundary condition
The Sweet-Parker solution is considered to depend only on local plasma conditions in the vicinity of the layer. However, with a neutral sheet limiting mass outflow, the reconnection rate in the Sweet-Parker theory is closely coupled to the global boundary condition that determines the length of the layer. In the Petschek model, the length of the Sweet-Parker layer is made smaller than the system size, generating a faster reconnection rate. Priest and Forbes (1986) 51) found that the boundary conditions and resulting global magnetic field structure can drastically change the global reconnection rate. In MRX the large downstream pressure in MRX was found 19) to slow the outflow and the reconnection rate, demonstrating the importance of boundary conditions. It was found that with the same plasma parameters the reconnection rate decreases with increasing distance between fluxcores or equivalently the system size. 40) The reduced reconnection rates in larger systems were attributed to longer current sheets. In addition to this dependence on the system size, the current sheet length L was found to depend on the effective resistivity, η ef f . The exact cause of the anomalous resistivity was not determined at that time. For a given system size, the current sheet length anti-correlates with the effective resistivity, namely, the current sheet length varies inversely with resistivity. Recently, the effects of external forcing on driven reconnection have been studied in the MRX device. A simple model based on a feedback loop has been developed to explain the details of the linear and overdriven scaling regimes. It is found that driven magnetic reconnection may be modeled as interplay between the external forcing and the dynamics of the current sheet region. By investigating the effects of external forcing in MRX, linear and overdriven regimes are identified. When the external forcing is applied in the slower rate than the flux penetration timescale of the current layer, the reconnection speed is proportional to the external driving rate; thus, the linear regime. By contrast, in the overdriven regime, the incoming magnetic flux cannot penetrate into the reconnection layer at the rate prescribed by the coils. As a result, the reconnection rate saturates at a value determined by the penetration timescale, namely the intrinsic reconnection speed determined by the local dynamics. 30) As described in the previous section, the recent simulations with larger system size and open boundary conditions have demonstrated that very long reconnection layers become unstable to secondary islands and significantly increase the reconnection rate. 50) These results suggest the importance of interplay between local dissipation and global boundary conditions during magnetic reconnection. §5. Summary and general discussions Notable progress has been made in the last decades in understanding the dynamics of magnetic reconnection. The physical mechanisms of a typical magnetic reconnection layer have been described through the historical development of theory and the recent findings and observations in space and laboratory plasmas. In the collision-free reconnection layer such as seen the magnetosphere, the reconnection layer becomes comparable to the ion skin depth (c/ω pi ) and ions become demagnetized with electrons still magnetized. The relative flows of electrons against ions in the reconnection plane can generate a strong j e × B force due to the Hall effect. This Hall current, which contributes to the enhanced electric field perpendicular to the reconnection plane, is considered responsible for speeding up the rate of reconnection, providing a partial answer to a very important question why reconnection occurs so fast. But the Hall term does not provide energy dissipation or break field lines in collisionless plasmas. It is considered that the other terms in the generalized Ohm's law, the inertia term, the pressure tensor term (∇P ), and fluctuations are responsible for line breaking and the energy conversion.
For a single collisionless reconnection layer, it is found that energy dissipation occurs only in a small central region of the neutral sheet without guide field, leading to a relatively small rate of energy conversion from magnetic to particle kinetic energy. This energy conversion rate is too small to explain the observed particle heating during reconnection observed in space and laboratory plasmas. Recently 2D and 3D numerical simulations have found that a collisionless reconnection layer breaks up into many islands and current layers generating a highly turbulent reconnection region causing fast reconnection impulsively. It can be suggested that turbulence and waves can significantly broaden the electron and ion diffusion layer and contribute the enhanced rate of energy conversion.
We here discuss briefly an impulsive reconnection in global magnetic selforganization phenomena. In tokamak discharges, reconnection often occurs quite suddenly after a slow evolution of plasma equilibrium and magnetic flux build-up. Generally the flux build-up phase is significantly longer than the reconnection time, τ H > τ Rec . This creates a sawtooth shape evolution of the central electron temperature. We note that this is a good example of the case in which evolution of the global plasma configuration forces a fast local reconnection. In the low-q pinch discharges in other laboratory fusion devices such as the spheromak and the RFP (reversed-field-pinch), we observe similar sawtooth events which also consist of a slow flux build-up phase through a slow reconnection and a fast reconnection/relaxation phase. 2) In the former phase the current density in the center core gradually increases while in the latter an impulsive current profile flattening occurs with reconnection. Generally, reconnection occurs in the resonant flux surfaces in the plasma core and, under some conditions, at the edge. In some cases two unstable tearing modes in the core region are observed to couple each other to nonlinearly drive reconnection at a third location in the outer plasma edge region. 52) It is conjectured that similar phenomena occur in active solar arcade flares where spontaneous reconnection at one location can drive reconnection at other locations, leading to eruptions. 52) In solar flares, reconnection sites are identified with hard X-ray emissions near the top of solar flare arcades during CME and coronal eruptions. 53), 54) Reconnection speed was measured to be much faster than the Sweet-Parker rate. We could hypothesize that global magnetic self-organization phenomena in both tokamak sawtooth crashes and solar flares share a common process. Klassen reported sawtooth phenomena in solar flares. 55) When reconnection occurs in a certain region of the globally connected plasma, a topology change results. A sudden change of magnetic flux over a short time is induced in a newly connected part of the global plasma. This leads to a large electric field along the magnetic field lines and acceleration of electrons to super thermal energy. Indeed in reconnection events in both solar flares and tokamak sawteeth, we observe a significant amount of high energy (runaway) electrons. A careful comparative study of tokamak sawteeth and RFP relaxation events should illuminate this important energy flow channel.
In an intriguing observation reported in Science News 56) in June 2011, the Fermi Gamma-ray Space Telescope recorded repeated outbursts of high-energy gamma rays emanating from the center of the Crab Nebula over a period of several days. The observed energy range of up to 10 16 eV challenges the conventional theory of particle acceleration through shocks and the gamma ray emissions from astrophysical plasmas that result.
It has recently been proposed that charged particles can be accelerated near the center of the Crab Nebula (shown in Fig. 9 ) by magnetic reconnection when magnetic fields are violently rearranged. There is a plausible possibility that mag- netic reconnection in the periphery of the toroidal core plasma in the Crab Nebula would generate a sufficient electric field and produce high-energy particles. 58) As conjectured by Aron, 57) we can consider a possibility of magnetic reconnection to be responsible for acceleration of plasma particles at a reconnection layer in the outer edge of Crab Nebula. Magnetic field line stretched like Parker Spirals from the center can form a reconnection layers which should extend in the radial direction should accelerate particles to 10 16 eV range, as schematically shown in Fig. 10 . Magnetic reconnection is often considered to play a significant role in the accel- eration of charged particles to ultra-relativistic energies on astrophysical scales. If it happens, the reconnection electric field would be the order of vxB where v is a typical global MHD plasma flow velocity and B is a typical magnetic field strength. The maximum energy of particles accelerated by this field should be expressed by vBL where L is a characteristic scale length of the reconnection layer. Figure 11 presents maximum electron energy observed in laboratory plasma experiments and in space astrophysical plasmas with respect to vBL. The scaling works for reconnection experiments in which E = vBL = (1 − 5 × 10 4 m/s)(0.03 T)(0.2 m) = 60 − 300 volts, for solar corona, E = vBL = (105 m/s)(0.01 T)(10 6 m) = 10 9 volts, consistent with observed 1 GeV gamma rays, and for the measured emission from high energy electrons in the e − −e+ pair plasma near the core of Crab Nebula, E ≈ 10 16 volts ≈ vBL= (10 8 m/s)(10 −7 T)(10 15 m). By carefully comparing results from simulation, space satellites and laboratory experiments, we may be able to achieve a real progress in determining a role of magnetic reconnection physics in distant astrophysical objects. For this goal, we advocate for a new generation of magnetic reconnection experiments on a large scale device 60), 61) that will enable investigation of magnetic reconnection in a collisionfree plasmas and to understand the physics of energy conversion from magnetic to particles simultaneously.
